The interplay between cadherin-and integrin-dependent signals controls cell behavior, but the precise mechanisms that regulate the strength of adhesion to the extracellular matrix remains poorly understood. We deposited cells expressing a defined repertoire of cadherins and integrins on fibronectin (FN)-coated polyacrylamide gels (FN-PAG) and on FN-coated pillars used as a micro-force sensor array (mFSA), and analyzed the functional relationship between these adhesion receptors to determine how it regulates cell traction force. We found that cadherin-mediated adhesion stimulated cell spreading on FN-PAG, and this was modulated by the substrate stiffness. We compared S180 cells with cells stably expressing different cadherins on mFSA and found that traction forces were stronger in cells expressing cadherins than in parental cells. E-cadherinmediated contact and mechanical coupling between cells are required for this increase in cell-FN traction force, which was not observed in isolated cells, and required Src and PI3K activities. Traction forces were stronger in cells expressing type I cadherins than in cells expressing type II cadherins, which correlates with our previous observation of a higher intercellular adhesion strength developed by type I compared with type II cadherins. Our results reveal one of the mechanisms whereby molecular cross talk between cadherins and integrins upregulates traction forces at cell-FN adhesion sites, and thus provide additional insight into the molecular control of cell behavior.
INTRODUCTION
Adhesion molecules are crucial for the development of multicellular organisms. Cadherins and integrins are the major classes of transmembrane adhesion receptors that mediate cell-cell interactions and the adhesion of cells to the extracellular matrix (ECM), respectively (1, 2) . The extracellular domain of integrins and cadherins interacts with ligands to mediate cell adhesion. The cadherin and integrin intracellular domain interacts with cytoplasmic partners, connecting these receptors to the cytoskeleton. Mechanically, the cytoskeletal structures that are recruited at adhesion sites act as cables supporting and transmitting stresses on a large scale through the body of the cell. The dynamics of these stresses contribute to the transmission of force at cell adhesion sites (3) . Such structures can also form a physical link between two distant cell contacts, transmitting information from cell-cell junctions to focal contacts and vice versa. Integrin-mediated mechanosensing modulates cell fate, proliferation, and apoptosis. It enables cells to detect and respond to environmental stresses and applied traction forces, which are key elements in the control of biological processes such as cell adhesion, migration, survival, proliferation, and stem cell fate (4) (5) (6) . Cadherins also act as mechanosensors and constitute some of the components of intercellular adhesion complexes (7, 8) . Mechanical forces govern the formation and maintenance of cellular assemblies and tumoral progression and metastasis (4, 9) .
Cross talk between integrins and cadherins regulates cell behavior, including adhesion strength, cell shape, migration, and contractility (10) (11) (12) (13) (14) (15) (16) (17) . Mechanical coupling between cell-cell and cell-matrix adhesions was recently shown to play an important role in regulating endothelial and epithelial intercellular junction size and tension (18, 19) . We previously showed that integrin stimulation increases the strength of cadherin-mediated intercellular adhesion in dual pipette assays measuring the separation force of cell doublets (15) . The effects of intercellular adhesions on the cellular response to ECM and vice versa may be either positive or negative, depending on the cellular or environmental context. The regulation of cell adhesion strength has been shown to be highly complex, but the underlying molecular mechanisms have yet to be fully elucidated.
Here, we studied the reciprocal cross talk between cadherins and integrins in response to substrate-based mechanical cues. To that end, we first used the micro-force sensor array (mFSA) technique (20) (21) (22) to analyze the impact of cadherin-based adhesion on the traction exerted by cells at the level of individual cell-fibronectin (FN) adhesion sites. Our cellular model, S180 cells, enabled us to control the amount of cadherins expressed at cell-cell junctions (23, 24) while cells were deposited on a dense array of deformable cylindrical FN-coated micropillars. Moreover, we exposed cells to various substrate stiffnesses to study the cells' response as a function of their cadherin repertoire, and the ways in which integrin and cadherin-based adhesions are coupled to ensure the modulation of the cell-matrix adhesion status and mechanical properties.
MATERIALS AND METHODS
Details regarding the materials and methods used in this work are provided in the Supporting Material.
Cell lines, plasmids, stable transfections, antibodies, reagents, and immmunostaining
Stably transfected S180 clones producing chicken E-cadherin (Ecad), N-cadherin (Ncad), and cadherin-7 (Cad7) were cultured as previously described (24) (25) (26) . The cells were plated overnight on mFSA arrays before experiments were conducted. Rho kinase and PI3K inhibitor (both 15 mM) and Src kinase inhibitor 1 (Src Inh 1; 200 nM) were added to the sample 30 min before measurements were obtained. The monoclonal antibodies used in the study are detailed in the Supporting Material. Samples were fixed in 4% paraformaldehyde fixation buffer in PBSþCaMg or in cold methanol. Immunodetection was performed as previously described (23) .
Preparation of poly(dimethylsiloxane) micropillars for mFSA and traction force measurements
An array of cylindrical pillars was prepared as described elsewhere (21) . The tops of the pillars were fluorescently labeled as previously described (27) with a mixture (1:10 molar ratio) of bovine plasma FN (Sigma, St. Louis, MO) and Alexa 594-FN (Molecular Probes, Eugene, OR). We used arrays of stiff pillars (2 mm in diameter, 4 mm center-to-center, 3.6 mm long) with a pillar spring constant k~100 nN/mm (E eff ¼ 72 kPa) (28) . We also used arrays of softer pillars (2 mm in diameter, 4 mm center-to-center, 6.5 mm long) with k~15 nN/mm (E eff ¼ 12 kPa). Unless otherwise specified, 3.6-mm-long pillars were used in most experiments.
To measure traction force, we carried out time-lapse imaging of the top of the pillars as previously described (27) . Image stacks were acquired with a frame delay of 30 s over a period of~1 h and analyzed automatically with the use of ImageJ software. The displacement of all pillars in the field of view (both those below the cells and those not covered by cells) was analyzed. The spatial resolution for pillar displacement was 220 nm, which corresponds to a traction force resolution of 5 nN. From a comparative analysis of pillar displacement on fields devoid of cells and fields containing Ecad, Cad7, Ncad, and S180 cells, we plotted forces >16 nN on graphs, to ensure clarity. The statistical significance of differences was assessed in two-tailed Mann-Whitney U-tests.
Preparation of EcadFC-coated beads and cell stimulation
EcadFC-coated beads (EcadFC beads) and control beads were prepared as described in the Supporting Material. EcadFC beads or control beads were added to Ecad cells plated overnight on mFSA arrays at very low density to avoid cell-cell contacts on the FN-pillars array, as described in the Supporting Material. The nonadherent beads were removed before time-lapse imaging was performed.
Polyacrylamide gels
We prepared FN-coated polyacrylamide gels (FN-PAG), as described previously (29, 30) and in the Supporting Material, with ratios of bis-acrylamide/ acrylamide of 0.06, 0.14, 0.26, and 0.52. These ratios produced gels with a Young's modulus of 2.8, 7.5, 16.7, and 23.4 kPa, respectively (hereafter referred to as stiffnesses 1, 2, 3, and 4, respectively).
RESULTS

Modulation of cadherin-expressing cell spreading, aggregation, and adhesion-site formation by substratum stiffness
To analyze the influence of substrate rigidity on our cell model, we first investigated the behavior of cadherinexpressing cells on FN-PAGs of different stiffnesses (as described in Materials and Methods). Cad7 and Ecad cells expressed similar integrin repertoires and classical Ecad and type II Cad7, respectively (15) . The behavior of these two types of cells was significantly and similarly affected by the elasticity of the FN-PAG ( Fig. S1 ). Most cells failed to adhere to soft gels (stiffness 1) with an elastic modulus of 2.8 kPa. The cells that did adhere to such gels were round or elongated, and the mean area of spread was similar for Ecad (9732 arbitrary units) and Cad7 (10863 arbitrary units) cells. No adhesion complexes were formed, and it was easy to detach the cells from the gel. Stiffer gels were associated with a higher percentage of cells being able to adhere to the surface and spread. For instance, Ecad cells deposited onto gels of stiffnesses 2, 3, and 4 had spreading areas that were 1.5, 2, and 2.4 times larger, respectively ( Fig. S1 B) , compared with those deposited onto gels of stiffness 1. A similar effect was observed for Cad7 cells ( Fig. S1 A) . This phenomenon was even more marked for the stiffest substrate, which was made of glass, on which the spreading areas of Ecad and Cad7 cells were 2.7 and 3.4 times larger, respectively, than that on a gel of stiffness 1. The adhesion sites that formed on the stiffest FN-PAG were smaller than those that formed on FN-coated glass, and were not observed on softer gels (stiffnesses 1 and 2; Fig. S2 ).
Cadherin expression induced a marked tendency of cells to form three-dimensional (3D) aggregates on the softest gel ( Fig. S3 A, right panel), consistent with the findings of a previous study on normal rat kidney epithelial cells (31) . By contrast, these cells mostly formed well-spreadout, two-dimensional (2D) clusters on stiffer gels and glass ( Fig. S3 A, middle and left panels).
By focusing on cells adherent to the surface, we analyzed the effect of intercellular adhesion on cell spreading area on FN-PAG and its response to stiffness. Ecad cells that adhered to other cells had a larger spreading area on FNcoated substrata compared with isolated cells (Fig. S3 B) . This effect was modulated by the external rigidity, because it was more pronounced when the cells were deposited onto FN-PAG of greater stiffness. Thus, cadherin-expressing sarcoma cells are able to sense environmental stiffness and respond to it by modulating their intercellular and cell-matrix adhesion properties. We did not specifically measure adhesion strength in these conditions. However, under the assumption that cells have a tendency to maximize their adhesion, we would expect cells with compromised adhesion to the substrate to adhere more strongly with each other if they express cadherins.
Ecad cells adhere to, spread, and form focal and intercellular adhesions on FN pillars
We used the mFSA technique to analyze the impact of the intercellular adhesion receptor repertoire on the cell traction forces acting on FN-contact sites. Ecad cells were deposited onto dense arrays of FN-coated pillars (FN pillars) and incubated for 16 h. Each pillar in this system acts as a separate detector of the pulling force at the cell-FN contact site. We used two arrays of pillars corresponding to stiff and soft parameters (k~100 nN/mm (E eff ¼ 72 kPa) and 15 nN/mm (E eff ¼ 12 kPa), respectively). Cells adhered to and moved on the two types of FN pillars, but they spread over a larger area on the stiffer pillars. Both isolated Ecad cells and those in contact with other cells developed focal adhesions on the FN pillars ( Fig. 1 A) , where activated focal adhesion kinase (FAK) was recruited. a5b1 integrin was localized to these sites together with paxillin and activated Fes kinase. a5b1 integrin was mostly detected at the peripheral contacts, whereas other b1 integrins tended to be recruited more centrally. The adhesion complexes were distributed mostly around the edge of the FN pillars (2 mm in diameter). This localization is in agreement with results described in a recent study (32) . By contrast, b3 integrins were not detected at these sites (data not shown). The actin cytoskeleton was highly dynamic at the site of cell adhesion to FN pillars ( Fig. 1 B and Movie S1). Ecad cells formed cell-cell contacts with their neighbors on the FN pillars ( Fig. 1 C) .
Cadherin-mediated adhesion stimulates traction force at FN pillars
Isolated cells typically spread over 35-45 pillars, but a large deflection was observed only over 10 pillars located at the periphery of the cell, as previously observed for other cell lines (33) (Fig. S4 ). The vector of the pulling force was always directed toward the center of the cell, consistent with the findings of previous studies. We determined the distribution of forces developed by isolated Ecad cells on FN pillars (E eff ¼ 72 kPa), together with the maximal force applied to the FN pillar, for each cell analyzed. Pulling forces of up to 75 nN were measured ( Fig. 2 A, left panel, black bar), and the mean maximal force exerted by an isolated Ecad cell on a pillar was 51 5 3 nN ( Fig. 2 B, left panel, black bar). Then, we studied the impact of cadherin-mediated adhesion on cell traction to FN for cells engaged in contact with a limited number of neighbors, mimicking the processes observed during individual cell migration and cells moving as thin chains within tissues. We analyzed the behavior of small clusters of cells (three to five cells interacting together) to minimize the impact of collective behavior on the cell traction force (34) . We observed that in Ecad clusters, displacements generally occurred only at the periphery of the cluster, but smaller movements occurred below the cells in all of the cell types studied. Ecad cells in contact with other cells pulled more strongly on FN pillars, with forces of up to 130 nN ( Fig. 2 A, left panel, gray bars) and a mean maximal force of 83 5 4 nN ( Fig. 3 B, left panel, gray bar), versus only 75 nN and 51 nN, respectively, for isolated Ecad cells. The incubation of isolated Ecad cells on FN pillars with the medium produced by dense cell cultures had no effect on the pulling force, demonstrating the need for direct contact between cells rather than a paracrine effect of a soluble factor for modulation of the cell traction force in this assay (data not shown). Indeed, parental S180 cells that did not express cadherins at their surface exerted traction forces ( Fig. 2 A, The extent to which cells deflected softer pillars (E eff ¼ 12 kPa) was similar to that observed for stiffer pillars, and this deflection required a much smaller force, in the range of 15-20 nN. We compared the maximal pulling force developed by cells on these softer pillars and found that S180 cells pulled less strongly than Ecad cells, with forces of 16 5 1 and 21 5 2 nN, respectively, recorded.
Thus, the presence of cadherins at the cell surface is not sufficient to increase the pulling force exerted by the cell on FN pillars, but the engagement of cadherins in intercellular adhesion is required to induce an increase of traction force at cell-FN adhesion sites. We investigated the role of mechanical coupling between cells on traction force by analyzing the effect of cluster size on traction force. We found that clusters of three, four or five Ecad cells displayed a similar distribution of pulling force up to 140 nN (Fig. 3) , indicating that for small Ecad clusters, the effect of Ecad-mediated adhesion on traction force does not vary with the cluster size. The increase in pulling force observed in contacting Ecad cells could be due to the activation of cytoplasmic signaling cascades upon cadherin-mediated adhesion or to the transmission of force across cells of the small cluster, or to both processes. To ascertain the effect of cadherin-based adhesion on pulling force independently of the transmission of force across cell-cell contact, we incubated isolated Ecad cells with EcadFC beads (see Materials and Methods). Ecad cells deposited onto FN pillars and incubated with EcadFC beads (with a maximum of one or two beads per cell) exhibited Biophysical Journal 103(2) 175-184 a distribution of pulling force up to 105 nN, compared with 70 nN observed for nonstimulated cells (Fig. 2 C) . The mean maximal pulling force for stimulated versus nonstimulated cells was 62 nN 5 3 and 52 5 2 nN, respectively (errors are the mean 5 standard error (SE) and considered statistically significant at p < 0.005 (two-tailed)). The interaction of cells with one or two beads did not influence the effect on pulling force. In addition, we checked the effect of control beads that did not contain Ecad-FC at their surface. We found that these control beads did not interact with cells in the course of the experiments, indicating that the effect of EcadFC beads on cell traction force at FN pillars is specific to Ecad-mediated adhesion. Taken together, our results indicate that the activation of cytoplasmic events downstream of cadherin-mediated contact positively regulate pulling force. However, the increase in pulling force measured in isolated cells interacting with EcadFC beads was lower than that obtained for small cell clusters, suggesting that the mechanical coupling between cells also stimulates traction force at cell-FN adhesions.
We then investigated whether different types of cadherins modulate the cell-FN traction force in a specific manner. We compared the traction force exerted by Ecad, Ncad, and cad7 cells expressing type I (Ecad and Ncad) and type II (Cad7) cadherins. The distribution of the traction force on FN pillars for Cad7, Ecad, and Ncad cells showed that these cells pulled more strongly on the FN pillars than the parental S180 cells, with forces of up to 145 nN ( Fig. 2 A, right panel (hatched, gray, and white bars, respectively)) and a mean maximal force of 72, 83, and 88 nN ( Fig. 2 B, right panel) for Cad7, Ecad, and Ncad, respectively.
Src and PI3 kinase activity is required to promote an Ecad-dependent increase in the pulling force on FN pillars
We previously showed that integrin-dependent stimulation of the cadherin-mediated adhesion strength requires Src kinase and actomyosin contractility (15) . Here, we sought to determine whether these signaling pathways and PI3K are involved in the reciprocal cross talk between these adhesion receptors leading to the cadherin-dependent increase in integrin-based pulling force.
Experiments were first carried out in the presence of a dimethyl sulfoxide solvent that was used to prepare the stock solution of Src, PI3K, and ROCK inhibitors and added to the culture medium at a working dilution (1/1000) to ensure that the solvent had no pertubation effect on cell behavior (data not shown). After incubation with Src and PI3K inhibitors ( Fig. 4 A) for 30 min, Ecad cells in culture displayed similar cell-cell and cell-FN adhesions compared with solvent-treated cells, as shown by the immunodetection of Ecad and paxillin staining.
Ecad cells were deposited onto FN pillars and treated with ROCK inhibitor (Y27632), Src Inh 1, and PI3K inhibitor (LY294002) for 30 min before traction force measurements were obtained.
The inhibition of ROCK by Y27632 greatly decreased the maximal pulling force to 23 5 1 nN for isolated Ecad cells (n ¼ 20 cells) deposited onto FN pillars, compared with 51 5 3 nN measured for untreated isolated Ecad cells. This effect highlights the role of ROCK in the integrindependent traction force generated at cell-FN contact sites by increases in cell contractility. ROCK inhibition is also known to have a direct effect on cadherin adhesion strength (15) . These observations did not allow us to test the involvement of ROCK in the cadherin-mediated stimulation of integrin-driven cell traction.
We conducted control experiments to examine the effect of Src and PI3K inhibitors on S180 cells, because S180 cells and isolated Ecad cells exhibit similar traction forces, and to ensure that the effects of drugs on various signaling processes do not alter the intrinsic cell traction force. In the presence of Src Inh 1, S180 cells exerted forces of up to 70 nN and a mean maximal force of 55 5 5 nN, which is similar to that exerted by untreated cells (54 5 3 nN; Fig. 4, B and D) . In addition, an analysis of isolated Ecad cells treated with this inhibitor showed that they exhibited forces up to 60 nN (Fig. S5 ) and a mean maximal pulling force of 41 nN 5 4 (mean 5 SE) that was not statistically different from than observed for untreated isolated Ecad cells (p > 0.1 (two-tailed); Fig. 3 B) . By contrast, the greater traction force exerted by Ecad cells in contact with other cells was abolished in the presence of this inhibitor (Fig. 4 C) . Treated Ecad cells exhibited forces up to 55 nN and a lower mean maximal force of 50 5 5 nN on FN pillars (Fig. 4 D) . This value is similar to that obtained for treated parental S180 cells and isolated Ecad cells ( Figs.  3 B and 4 D) . Thus, the cadherin-dependent stimulation of pulling force requires Src kinase activity. The inhibition of PI3K by LY294002 also significantly decreased the pulling force of Ecad cells, with the mean maximal force decreasing from 82 5 4 nN to 66 5 7 nN for untreated and LY294002-treated cells, respectively (Fig. 4 D) . By contrast, this drug had no effect on the pulling force of S180 cells, with a force of 60 5 2 nN being measured in these conditions. Taken together, our results show that Src kinase and PI3K play a role in cadherin-based regulation of the integrin-dependent traction of cell-FN contact sites (Fig. 5 ). 
DISCUSSION
The molecular mechanisms that regulate the interactions of cells with their environment and their responses to external stimuli, thereby modulating their behavior and fate, are not fully understood. In particular, it is unknown how cells integrate signals downstream from cell adhesion receptors, such as cadherins and integrins, to regulate mechanosensing and mechanotransduction. In this study, we analyzed in detail the functional relationship between these adhesion receptors and its role in the regulation of cell mechanics.
We found that the adhesion receptor repertoire and substrate stiffness regulate cell spreading and intercellular adhesion properties. Cells that are in contact through cadherin-mediated adhesion spread more than isolated cells on FN-coated surfaces (Fig. S1, Fig. S2, and Fig. S3 ). We investigated the effect of cadherins on regulation of the traction force exerted by a cell at a focal adhesion site in a mFSA assay. Cells that expressed cadherins at their surface exerted traction forces up to 2.5 times stronger than the corresponding parental cells that did not produce detectable amounts of cadherin. This effect requires the involvement of cadherins in intercellular contacts, because isolated cells did not display such a large increase in traction forces. Our results show that traction forces at the cell-ECM interface are strengthened when cells form intercellular contacts through cadherins (Figs. 2 and 3) . Two recent studies investigated the modulation of tugging force between two endothelial cells held in close contact in a surface-patterned mFSA assay (18) , and the cell-ECM-dependent regulation of intercellular adhesion on freely moving endothelial cells deposited onto a deformable flat substrate with embedded fluorescent beads (19) . Another study showed the modulation of MCF7 cell-cell and cell-matrix adhesion properties in response to dual-component soft and rigid surfaces coated with FN and EcadFC patterns (13) . In this work, we obtained addidtional insight into the reciprocal interplay between integrin and cadherin, and its role in regulating cell traction, by focusing on the changes in traction force at FN-contact sites induced by cadherin-mediated adhesion.
The stimulation of Ecad cells with EcadFC beads also increased traction force at cell-FN adhesion, but to a lesser extent than that observed for contacting cells. There are several possible explanations for this effect: 1), The density of EcadFC fragments coated onto the bead did not properly mimic cadherin density at the interacting cell-cell interface in clusters. 2), EcadFC beads could not activate the signaling cascades upon contact to the same extent. (However, previous studies using cadFC-coated beads showed that they can stimulate anchoring of cadherins at the cell surface to the actin cytoskeleton and signaling (35) (36) (37) (38) . 3), Cadherins upon bead stimulation were less efficiently connected to the underlying cell cytoskeleton, or may not favor the formation of cortical actomyosin bundles, a process known to contribute to epithelial morphogenesis (39, 40) . 4), The link between the cytoskeleton of the two contacting cells through trans-interactions of cadherins is missed when cells interact with beads where mechanical coupling does not occur (41) . The results obtained from the cell-bead interaction and traction force versus cluster size indicate that the mechanical coupling between cells and force transmission across cells in cluster also participates in the positive regulation of cell traction force at FN pillars. Clusters of three to five interacting cells produce similar maximal traction forces, indicating that the mechanical coupling among three cells does not significantly vary with a small increase in cluster size.
We have shown that cells exert quantitatively different traction forces on FN pillars as a function of the cadherins they express at their surface (Fig. 2) . The involvement of cadherin in intercellular contacts resulted in cellular traction forces 1.8, 1.9, and 1.3 times higher than those observed for isolated Ecad, Ncad, and Cad7 cells, respectively. These observations probably reflect the different intercellular adhesion properties of the various types of cadherin (42, 43) . Indeed, in previous studies we characterized Ecad, Ncad, and Cad7 cells for their respective cadherin expression levels and intercellular adhesion strengths (23, 24) . We showed that Ecad and Ncad cells adhered more rapidly and had a higher adhesion strength than Cad7 cells, favoring the strong cohesion of clusters. This phenomenon reflects the poor incorporation of Cad7 into the cytoskeleton insoluble fraction (24) . Differences in the stability of the intercellular bonds formed between cadherin extracellular domains due to differences in the adhesive interface have been observed between type II and classical type I cadherins (44, 45) . These differences may affect the stability and FIGURE 5 Model showing how cadherin-mediated stimulation of integrin-based adhesion increases cell traction force (gray arrows) at the cell periphery via an Src-and PI3K-dependent mechanism. Mechanical coupling across cells also contributes to the positive stimulation of traction force at FN-adhesion sites (double-headed black arrow). Integrindependent adhesion and cadherin-based adhesion have reciprocal positive effects on each other that also involve Src-dependent mechanisms (15) . In addition, intercellular adhesion can also have a negative on cell traction in close vicinity to cell-cell contacts (black lines) (18, 19) . Src (small black dot) and PI3K (small white lozenge) are also involved in regulating integrinbased adhesion itself.
Biophysical Journal 103(2) 175-184 sensitivity of mechanotransduction occurring downstream from adhesion receptors, the reciprocal cross talk between cadherin-and integrin-based adhesions, and the transfer of force across cells depending on the type of cadherin expressed. This hypothesis is supported by our finding that Ecad and Ncad cells, which express classical type I cadherins, displayed a significantly larger increase in traction force when they were in contact with other cells than did Cad7 cells expressing type II Cad7.
Cell adhesion to ECM and the formation of intercellular contacts trigger numerous signaling events, including regulation of kinases and small Rho family GTPases activity, cytoskeleton remodeling, and actomyosin contractility. Cell adhesion acts in concert with growth factor stimulation in regulating these events, which play a crucial role during morphogenesis and are often deregulated in pathologies (16, 46, 47) . These molecular events can contribute to the cadherin-dependent regulation of cellular traction forces. Indeed, VEGF-dependent stimulation of endothelial cell traction (48) and epithelial cell architecture, intercellular adhesion strength, and wound closure require ROCK (39, 40) . Isolated Ecad cells exhibited lower traction force to FN pillars in serum-free conditions compared with cells in a low (1%) serum condition (A. Jasaitis, unpublished results), suggesting that growth-factor downstream events stimulate cell traction by increasing cell contractility, as previously shown (20) . In our study, we analyzed the traction force of isolated cells or cells in contact in a similar culture medium that contained 1% serum to minimize the growth-factor-dependent downstream effect on the regulation of cellular traction. In these conditions, the increment of cell traction observed in contacting cells depends on signals downstream from the intercellular adhesion process. However, the presence of reduced serum levels may help to potentiate the effect of cadherin-integrin cross talk in regulating traction force.
Cadherin-mediated adhesions transfer tension to integrinbased adhesions, thereby promoting FN assembly and regulation intercellular adhesion, the strength of which depends on cell contractility (11, 15, 49) . In this context, we show that ROCK is required for individual cell traction on FN pillars. Our previous study showed that this kinase is also involved in cadherin-mediated strengthening of intercellular adhesion and its regulation upon integrin stimulation. These results strongly support a role for cadherin-dependent stimulation of the ROCK pathway, which in turn induces the integrin-dependent traction of cell-FN adhesion sites.
Src and PI3K are crucial for the cellular response to external stimuli. These proteins regulate cytoskeleton remodeling through activation of Rac (47, 50) . Indeed, Src kinase plays an important role in controlling integrin functions (51) (52) (53) and is activated by the mechanical stretching induced by FN-or anti-integrin-coated beads (54, 55) . This kinase also acts as a downstream signaling protein in the development of intercellular junctions (56) and in the integrin-dependent regulation of cadherin-based adhesion strength (15) . The PI3K pathway is activated downstream from integrins (1) and regulates the formation and function of adherens junctions (57) . PI3K is activated by the cadherin-dependent stimulation of Src, generating a positive feedback loop that regulates cadherin function (56) . The PI3K pathway plays a role downstream from cadherin in the epithelial-mesenchymal transition (58, 59) . These two signaling proteins are also involved in the mechanical stimulation of carcinoma cell adhesion to the matrix (60) .
We have shown here that the increase in cellular traction force at cell-FN contacts after cadherin-mediated intercellular adhesion requires the Src and PI3K signaling pathways ( Figs. 4 and 5 ). We conducted a control experiment to examine the effects of Src and PI3K inhibitors on S180 cells, and ensure that their effects on various signaling processes did not alter the intrinsic cell traction force at the FN pillar or the cell-matrix adhesion stability. Inhibition of Src and PI3K did not impede cell-cell contact and thus allowed transmission of force across Ecad cells in a cluster; however, these inhibitions abolished or affected the increase in the pulling force observed in contacting cells. This supports the conclusion that in addition to the mechanical coupling between cytoskeleton of neighboring cells, the cadherin-activated Src-PI3K pathway significantly contributes to stimulate mechanotransduction at focal adhesions and cell traction force that may involve the modulation of actin dynamics through regulation of Rac activity. However, the PI3K inhibitor was less effective than the Src kinase inhibitor at inhibiting the cadherin-dependent increase in the pulling force exerted on FN pillars. This suggests that a PI3K-independent pathway downstream from Src is probably involved via the stimulation of cellular contractility.
CONCLUSIONS
Cadherin expression and substrate stiffness regulate cell spreading and intercellular adhesion properties. This positive effect and reciprocity of the molecular and mechanical cross talk between cadherins and integrins in regulating the strength of intercellular adhesion, adhesion, and spreading over the ECM are likely to have profound implications for the sensing behavior and responses of cellular assemblies as a function of the properties of the environment, including rigidity, and the adhesive repertoire expressed by cells at their surface. We have shown that cadherin-mediated adhesion increases cell traction at FN-adhesion sites, and that Src and PI3K pathways are at the crossroads of the reciprocal interplay between cadherins and integrins in the regulation of adhesion strength. Our results provide additional insight into some of the molecular mechanisms that regulate the balance between cell cohesion and interactions with the ECM, and the mechanotransduction processes that regulate cellular traction forces. This phenomenon is crucial for regulation of the adhesion and migration properties of single Biophysical Journal 103(2) 175-184 cells or cell layers during the epithelial-mesenchymal tran-
